ABSTRACT: Diatoms are prominent primary producers that play an important role in global carbon cycles. Diatom dynamics are, therefore, important for biogeochemistry, fisheries and earth science. Viral infection is now assumed to be one of the most significant factors affecting diatom dynamics. However, few studies, based on practical field data, have focused on the relationship between diatoms and viruses in natural waters. To elucidate on this relationship, we assessed the temporal change in the abundance of diatoms and their viruses on the western coast of Japan from 2004 to 2009. Three species of diatoms were used as hosts to enumerate viruses in water and sediment samples: Chaetoceros debilis, C. tenuissimus and C. salsugineum. Diatom viruses in the water column rapidly increased during C. debilis and C. tenuissimus blooms, maintaining a high abundance throughout the blooming period. These data suggest the potential importance of viruses in controlling the population dynamics of diatoms in natural environments. The number of viruses in sediments fluctuated considerably, even during non-blooming periods, which suggests that virus-infected diatom cells were supplied to the sediments from water-column populations throughout the year. This process might be an important strategy to reduce the impact of viruses on diatom populations. 
INTRODUCTION
The existence of diatom-infecting viruses was predicted based on transmission electron microscopic studies carried out 20 yr ago (Proctor & Fuhrman 1991) . It is only recently, however, that these viruses have been isolated. A diatom-infecting virus (RsetRNAV), lytic to Rhizosolenia setigera, was first isolated by Nagasaki et al. (2004a) . Since then, 6 other diatom viruses infectious to the genus Chaetoceros have been isolated. These viruses are all lytic to their respective host cells, and their infection specificities are strainspecific rather than species-specific. Their virion diameters range from 22 to 38 nm. Based on their genome characteristics, these viruses may be placed into at least 2 groups. One is a single-stranded RNA (ssRNA) virus group, which includes RsetRNAV, CtenRNAV (Shirai et al. 2008) and CsfrRNAV (Tomaru et al. 2009 ). Viruses in this group harbor an ssRNA genome, ca. 9 kb long, having 2 open reading frames, one of which encodes putative replication-related proteins, and the other, structural proteins (Tomaru et al. 2009 ). The second group comprises single-stranded DNA (ssDNA) viruses, including CsalDNAV and CdebDNAV. The genome of CsalDNAV consists of a single molecule of covalently closed circular ssDNA (6000 nt) and a segment of complementary strand linear ssDNA (997 nt; Nagasaki et al. 2005) . Although the complete genome sequence and structure of CdebDNAV have not been fully described, the amino acid sequence deduced from the partial sequences is very similar to that of the putative replication-related protein of CsalDNAV (Tomaru et al. 2008b) . Two other diatom viruses, Csp-NIV and CwNIV, which both infect Chaetoceros sp., have been isolated and their lytic cycles described; however, their genome types remain unknown (Bettarel et al. 2005 , Eissler et al. 2009 ).
Diatom viruses have been isolated in both coastal waters and sediments, and their presence is assumed to be an influential ecological factor in the population dynamics of diatoms. Bettarel et al. (2005) reported on the occurrence of viruses that infect Chaetoceros sp. in the Chesapeake Bay, USA. They detected a maximum viral abundance one month after the winter-spring Chaetoceros bloom. They suggested that viral infection, due to an increase in the virus population in the water column, was the cause of the crash of the host Chaetoceros blooms. However, little field data has been gathered on the dynamics of diatom viruses, an area that would provide insight into the diatom hostvirus relationship in nature. In this study, we attempted to gather such data by assessing temporal changes of the populations of Chaetoceros debilis, C. tenuissimus and C. salsugineum in relation to virus abundance on the western coast of Japan, specifically in Ariake Sound and Hiroshima Bay. (Fig. 1) . Ariake Sound is a semi-enclosed, shallow and productive estuarine system in western Japan with an area of 1700 km 2 (e.g. Yokoyama et al. 2005) . Diatom blooms are observed during winter and spring in this region (e.g. Nagasaki et al. 2004a ). The Itsukaichi Fishing Port is a semi-enclosed basin in northern Hiroshima Bay, also in western Japan. In this area, raphidophyte and dinoflagellate blooms often occur from early summer to autumn (Imai & Itakura 1999 , Tomaru et al. 2004 , and diatom blooms from winter to spring (Tomaru et al. 2009 ). Sampling was conducted once or twice per month throughout the 4 yr study. In Ariake Sound, the water temperature of the surface layer (0 m) and the bottom-minus-1 m (B-1m) layer were measured using a Chlorotec Model ACL1183-PDK (Alec Electronics). In Hiroshima Bay, the temperature of the 0 m layer and the bottom-minus-0.2 m (B-0.2m) layer were measured using an ST meter Model 600XLM (YSI/Nanotech). Seawater samples were collected from each layer (simultaneously with temperature measurement) using a 1 l Kitahara's water bottle (Tsurumi Seiki). In both Ariake Sound and Hiroshima Bay, sediment samples were collected using an Ekman-Birge bottom sampler, with sampling in Ariake Sound being performed to 3 cm depth and in Hiroshima Bay, to 1 cm. Phytoplankton abundance was assessed by direct count using optical microscopy (Nikon Opti photo for Ariake waters and an inverted Nikon TE300 for Hiroshima Bay waters). Water samples of 60 to 150 µl with no fixation were dropped on a slide glass and a cover glass placed over the sample, with a ~1 mm plastic spacer between. We identified and counted phytoplankton to genus level. (When in bloom, Chaetoceros was occasionally identified to C. debilis.) Seawater and sediment samples collected for viral enumeration were sent to the laboratory of the National Research Institute of Fisheries and Environment of the Inland Sea, Japan (FRA-FEIS) without fixation at 4°C. The titer of the viruses lytic to host diatoms (virus titration) was performed within 24 h of collection (see 'Abundance of lytic viruses', below). Parameters measured in each of the 2 water layers sampled were averaged. For testing the relationship between C. tenuissimus cells and their virus numbers, as well as temporal changes of host and virus numbers, statistical analyses using the Mann-Whitney U-test and Spearman's rank correlation test were performed using the STAT VIEW program (ver. 2.0.2, Abacus Concepts). Algal cultures and growth conditions. The algal strains Chaetoceros debilis Ch48 and C. debilis CC-8 (Tomaru et al. 2008b) , C. tenuissimus 2-10 ( Shirai et al. 2008) and C. salsugineum Ch42 (Nagasaki et al. 2005) were used in the virus titrations. (All strains are maintained at FRA-FEIS.) Each strain of C. debilis has a different virus sensitivity spectrum (Tomaru et al. 2008b) . C. debilis Ch48 and CC-8 were used for the surveys in Ariake Sound and C. tenuissimus 2-10 and C. salsugineum Ch42 for those in Hiroshima Bay. Algal cultures were grown in modified SWM3 medium enriched with 2 nM Na 2 SeO 3 (Chen et al. 1969 , Itoh & Imai 1987 under a 12 h light:12 h dark cycle of ca. 110 to 150 µmol of photons m -2 s -1 using cool white fluorescent illumination at 15°C.
MATERIALS AND METHODS

Field
Abundance of lytic viruses. The abundance of lytic viruses in seawater samples was estimated using the most probable number (MPN) technique (i.e. extinction dilution method; Suttle 1993) . Water samples were passed through a 0.2 µm membrane filter (Dismic-25cs, Advantec). Of each sediment sample, 3 g were shaken with 3 ml of the modified SWM3 medium at 400 rpm for 30 min, then centrifuged at 716 × g for 10 min at 4°C. The supernatant was filtered through a 0.2 µm Dismic-25cs filter (Advantec) to remove bacteria. These filtrates were diluted with modified SWM3 medium in a series of 10-fold dilution steps. Aliquots (100 µl) of each dilution were added to 8 wells in cellculture plates with 96 flat-bottom wells and mixed with 150 µl of an exponentially growing culture of host algae. The cell-culture plates were incubated at 15°C under a 12 h light:12 h dark cycle of 130 to 150 µmol photons m -2 s -1 with cool white fluorescent illumination, and were monitored over 14 d for the occurrence of culture lysis using optical microscopy (TE-300, Nikon). The culture lysis due to viral infection was usually observed as almost complete crashes of the host cells in a well. Algal lysate in the most-diluted wells was filtered through a 0.2 µm filter and the infectivity of the lytic agents examined. We regarded these filterable lytic agents as infectious viruses and, using a BASIC program, calculated their abundance from the number of wells in which algal lysis occurred (Nishihara et al. 1986 ).
Real-time PCR assay. The number of Chaetoceros tenuissimus and C. salsugineum cells in the water column of Hiroshima Bay from April 2008 to March 2009 was estimated by means of real-time PCR assay using a TaqMan probe-based method. Sample-water suspensions (from 30 to 50 ml) were filtered onto 2.0 µm Nucleopore filters and stored at -80°C until analysis. DNA was extracted from the filter-collected cells using the Tris-EDTA (TE) buffer (pH 8) boiling method. Briefly, the filters were placed in a 0.5 ml tube and incubated in 100 µl of TE at 100°C for 10 min, then stored at 4°C. After centrifugation at 17 000 × g for 5 min, 100 µl of the supernatant was taken for further analysis using 2 primer sets and a TaqMan probe designed to target the D1 region of the 28S ribosomal RNA gene of the target organism ( Table 1 ). The primer pairs and probes for C. tenuissimus and C. salsugineum were designed by Toyoda et al. (2010) and Tomaru et al. (present study) , respectively ( Table 1) . The species specificities of both the primer pair and the probe for the quantification of C. salsugineum cells were examined and cell numbers were quantified according to the TaqMan method of Toyoda et al. (2010) . The following reagents were combined to make up a 20 µl reaction mixture: (1) forward and reverse primers (each at a final concentration of 0.4 µM); (2) the fluorogenic probe at a final concentration of 0.2 µM; (3) 1 µl of template DNA; (4) 10 µl of 2 × TaqMan ® Gene Expression Master Mix (containing PCR buffer, dNTPs, MgCl 2 , and AmpliTaq Gold DNA polymerase; Applied Biosystems Japan); and (5) PCRgrade water to a final volume of 20 µl. The thermal cycling conditions consisted of 2 min at 50°C and 10 min at 95°C followed by 39 cycles of 15 s at 95°C and 1 min at 60°C using a StepOne™ Real-Time PCR System (Applied Biosystems Japan). Fluorescence data were collected at the end of each cycle, and the cycle threshold line was automatically determined by StepOne™ Real-Time PCR System version 1.0 (Applied Biosystems Japan). 
RESULTS AND DISCUSSION
Viruses infecting Chaetoceros debilis in Ariake Sound
Blooms of Chaetoceros debilis are usually detected in Japanese coastal waters during winter (Takano 1990) . Increases in the number of C. debilis viruses (Cdeb-viruses) in the water column were observed almost every year between November and April, when water temperatures are relatively low ( Fig. 2A,C) . The increased number of Cdeb-viruses observed in the water column during winter in this survey, therefore, may correspond to an increase in host blooms. In this study, no data were available on the population dynamics of C. debilis. However, on 19 January 2005 we observed a bloom (200 cells ml -1 at the surface) of C. debilis. This corresponded to a time when Cdebviruses lytic to strain Ch48 (Ch48-viruses) were detected in the water column at 30 infectious units ml -1 (Fig. 2A) . One week later, on 27 January 2005, the bloom was no longer detected, and the concentration of Ch48-viruses had increased to 1.0 × 10 3 infectious units ml -1
. The significant peak in the viruses detected in the water column in late January 2005 ( Fig. 2A) may be related to disintegration of the C. debilis bloom.
Since 2 strains of Chaetoceros debilis (Ch48, CC-8) showing diverse virus sensitivity spectra (Tomaru et al. 2008b) were used as hosts to enumerate Cdeb-viruses, we assumed we were actually measuring 2 types of viruses having different intra-species host specificities (viz. Ch48-viruses and CC-8-viruses). Interestingly, the dynamics of the 2 types of Cdebviruses differed in sediments ( Fig. 2B ). This suggests the existence of various Cdeb-virus clones in natural environments with different host-strain specificities. Based on crossreactivity tests carried out among 29 virus clones and 23 strains of C. debilis, Tomaru et al. (2008b) suggested that the natural C. debilis population comprises a diversity of host strains with different spectra of virus sensitivity. They also hypothesized that this host-strain diversity is likely to sustain the population from attack by viruses that vary in the specificity of their infections (Tomaru et al. 2008b) . The results obtained during the present study appear to support this hypothesis, at least in part.
The number of viruses present in sediment fluctuated throughout the survey, including periods when numbers in the water column were below the detection limit ( Fig. 2A,B) . Since there is an energy cost for the diatoms to stay suspended in the water column (Waite et al. 1992) , cells damaged physiologically by viral infection might have a tendency to sink to the bottom layer of the column (Proctor & Fuhrman 1991 , Raven & Waite 2004 ). Our results suggest that C. debilis populations are exposed to viral infection even during non-bloom periods and, consequently, virus-infected cells sink to the bottom layer, thereby minimizing or preventing further viral diffusion in the water column. For further understanding of the ecology of the host -virus system in this region, the sinking rates of virus-infected C. debilis cells and the latent periods of various environmental factors (e.g. water temperature, salinity, light intensity and nutrient conditions) should be the focus of future studies.
Viruses infecting Chaetoceros tenuissimus in Hiroshima Bay
A rapid increase in the Chaetoceros tenuissimus virus (Cten-virus) in the water column was observed every year, from July to August, throughout the survey (Fig. 3A) . While the cell density of Chaetoceros spp. was monitored in parallel by optical microscopy, we realized that the dominant species of the Chaetoceros spp. bloom (2.3 × 10 4 cells ml -1
) on 25 July 2007 was in fact C. tenuissimus (Fig. 3D) . We sampled the dominant Chaetoceros cells and attempted species identification by real-time PCR using both the species-specific primers and the TaqMan-probe, targeting the nuclear ribosomal DNA internal-transcribed-spacer 1 (ITS1) region of C. tenuissimus (Y. Tomaru unpubl. data). At least 75% of the sampled Chaetoceros chain-forming colonies were identified as C. tenuissimus (Y. Tomaru unpubl. data). During the observed Chae toceros bloom period, which, in 2007, continued until 9 August, the number of Ctenviruses in creased rapidly both in the water column (reaching 1.6 × 10 4 infectious units ml -1
) and sediments (reaching 9.2 × 10 3 infectious units g -1 wet sediment; Fig. 3A,B,D) . The increased Ctenvirus count during this period is likely related with that host bloom. In the previous year, the rapid increases of Cten-viruses to 3.6 × 10 3 infectious units ml -1 on 30 August 2006 (Fig. 3A ) might be related with its host blooms as well.
The abundance of Cten-virus in sediments fluctuated significantly throughout the study period, but remained relatively high between August 2007 and May 2008 (from 5.7 × 10 2 to 2.4 × 10 4 infectious units g -1 wet sediment; Fig. 3B ). Considering that Cten-viruses were continuously detected in the water column during that period, there might have been stable hostcell growth with virus infection and propagation in the water column, resulting in an input of infected cells into the sediments. Since, from May to June 2006, the number of Ctenviruses in sediments increased 3 orders of magnitude (from 3.7 × 10 1 to 2.8 × 10 4 infectious units g -1 wet sediment; Fig. 3B ), a similar process might have been occurring at this time.
The temporal change in the number of Chaetoceros tenuissimus in the water column from April 2008 to March 2009 was measured by real-time PCR (Fig. 3C) . The bloom of this species was detected from 24 July through 9 October 2008, when cell numbers fluctuated between 4.5 × 10 2 and 5.9 × 10 3 cells ml -1
. At the initial stage of the bloom, the number of Cten-viruses in the water column showed a significant peak (4.6 × 10 3 infectious units ml -1 ), after which the number of C. tenuissimus cells temporarily decreased (Fig. 3A,C) . Following the decrease in abundance, the host population recovered and stabilized at >10 3 cells ml -1
, despite the presence of the virus at >10 infectious units ml -1 (Fig. 3A,C) . The coexistence of C. tenuissimus and their infectious viruses during this bloom period (Fig. 3) indicates that the host populations have strategies to escape complete disintegration by viral infection. Although there is no direct evidence showing such a strategy among C. tenuissimus, there are grounds for speculation. A C. tenuissimus clonal culture, even when inoculated with its lytic virus (CtenR-NAV) at a high multiplicity of infection, was observed to grow at a rate equal to that of an uninfected culture for 10 to 14 d (Shirai et al. 2008 ). This result indicates that C. tenuissimus cells have diverse sensitivities to viral infection even in a clonal culture (Shirai et al. 2008) . In natural environments, therefore, the host population might also be expected to be composed of highly diverse cells with different viral sensitivities. So far, at least 2 viruses infecting C. tenuissimus have been recognized: CtenRNAV (Shirai et al. 2008 ) and the recently identified CtenDNAV, which harbors a closed, circular single-stranded DNA genome (Y. Tomaru unpubl. data). The viral sensitivity spectra of C. tenuissimus strains to these viruses are diverse (Y. Tomaru unpubl. data) and this variation might protect the population from rapid decrease due to viral infection. Similar hypotheses have been proposed in studies on Heterosigma akashiwo and HaV (Tomaru et al. 2008a) , and Chaetoceros debilis and its viruses (Tomaru et al. 2008b) .
In sediments, on the other hand, we observed Cten-viruses to gradually increase in abundance throughout the 2008 blooming period (Fig. 3B,C) . This gradual increase in sediment virus numbers may indicate that part of the C. tenuissimus population was infected, then sank to the bottom, furnishing the sediment with viruses as mentioned above with respect to Cdeb-viruses. The depth of the sampling station in Hiroshima Bay (ca. 5 m) might be too shallow for the sedimentation of the virus-infected C. tenuissimus cells.
The number of Chaetoceros tenuissimus cells increased again from January to March 2009, at a time when virus numbers in both water column and sediments decreased (Fig. 3C ). This might suggest that host population growth in this period was not greatly affected by virus infections. Relatively low host-cell numbers (<10 2 cells ml -1
) and/or low water temperatures (<12.5°C) might not lead to viral propagation. It is, however, difficult to suggest on the basis of present data a reason for the failure of virus numbers to increase with host population growth.
The number of Cten-viruses in the water column is relatively higher when Chaetoceros tenuissimus cell numbers are > 200 cells ml -1 (Mann-Whitney U-test, p < 0.01). Similar results have been reported for Synechococcus and cyanophage systems in natural waters, where host cell densities of >10 3 cells ml -1 allowed for efficient viral propagation (Suttle & Chan 1994) . The present results could suggest that a minimum host-cell density threshold of ca. 200 cells ml -1 is required for the effective propagation of Cten-viruses in a water column.
Viruses infecting Chaetoceros salsugineum in Hiroshima Bay
Chaetoceros salsugineum viruses (Csal-viruses) were detected at high frequency in the water column and sediments from August 2006 to October 2007. Maximum detected abundance in water was 3.1 × 10 4 infectious units ml -1 , and, in sediment, 3.3 × 10 4 infectious units g -1 wet sediment (Fig. 4A,B) . During that period, we could not enumerate host abundance using a real-time PCR method, and, unfortunately, no C. salsugineum cells could be detected using light microscopy. No significant relationship was observed between the dynamics of Csal-viruses and Chaetoceros spp. populations within this timeframe (Fig. 4A ,B,D; Spearman's rank correlation, p > 0.05). Viral fluctuations during that period, however, suggest the existence of a sufficient host population density to efficiently propagate viruses in the bay.
Using real-time PCR, a low-density bloom of Chaetoceros salsugineum (from 10 to 30 cells ml -1 ) was detected from July through September 2008, gradually decreasing thereafter (Fig. 4C) . No Csal-viruses were detected in the water column during this period (Fig. 4A ). This may suggest that the host-cell densities in the water column were not great enough for efficient viral propagation there.
From November 2007 through April 2009, fluctuating levels of Csal-viruses were continuously detected in sediments even when they were scarcely detected in the water column (Fig. 4A,B) . This discrepancy indicates that Csal-viruses were continually being removed and added to sediments throughout the study period. The decrease in Csal-viruses in sediments might be due to degradation of the virions, re-suspension in the water column or other factors (Wommack & Colwell 2000 , Nagasaki et al. 2004b ). The input of viruses into the sediment is thought to occur during sedimentation of virus-infected cells (Lawrence & Suttle 2004) . Even when both host and virus numbers are relatively low in a water column (from <1 to ~10 cells ml -1 , and <1 infectious unit ml -1 , respectively), successful viral infections might occur in this host -virus system, and the in fected cells sink to the bottom.
Implications
It appears that diatom populations are affected by their infectious viruses even when viral concentrations are relatively low. Based on the present results, several hypotheses may be proposed concerning the strategies that diatom host populations employ to escape viral-induced destruction. Viral infection may cause infected cells to be transferred from the water column to the bottom via sedimentation (Lawrence & Suttle 2004 ) and therefore removed from healthy populations (Raven & Waite 2004) . Also, diversity in the viral sensitivity spectra of the host population may enable hostvirus coexistence (Tomaru et al. 2008b) . Outside of these possibilities, populations might be sustained by physiologically regulated viral re sistance of diatom cells, as seen in Chaetoceros tenuissimus (Shirai et al. 2008) , or by resting spore formations of host cells, as observed in Chaetoceros socialis f. radians (Tomaru et al. 2009 ).
Virus-induced disintegration of algal blooms (i.e. rapid decrease in host-cell number) has been reported in several systems, e.g. Heterosigma akashiwo (Raphidophyceae) and HaV (Tomaru et al. 2008a) , Heterocapsa circularisquama (Dinophyceae) and HcRNAV (Naga saki et al. 2004b) and Emiliania huxleyi (Prymnesiophyceae) and EhV (Brussaard et al. 1996 , Schroeder et al. 2003 . In the present study, Cdeb-and Cten-viruses, at least, were expected to show an increase in abundance in the water column and/or in sediments when their respective hosts bloomed, and they did so. However, based only on present results, the quantitative ecological impacts of a viral infection on diatom bloom dynamics cannot be fully understood. To increase our understanding of their relationships in nature, higher-frequency sampling will be required during diatom blooms, as well as an eval uation of the sinking rate of virusinfected cells and the quantitative impact of viruses on diatom host populations. 
